Representative weather information is essential for a reliable building energy performance evaluation. Even if detailed energy analyses can be carried out considering the multi-year weather data, generally a single reference year is adopted. Thus, this artificial year has to correctly approximate the typical multi-year conditions. In this work, we investigate the representativeness of the method described in the technical standard EN ISO 15927-4:2005 for the development of reference years. Energy performance of a set of different simplified buildings is simulated for 5 North Italy locations using TRNSYS. The energy needs computed using the reference year are compared to those of a multi-year simulation. The annual variability of energy results for the studied thermal zones is investigated, paying attention to its effects on the Pernigotto, G., Prada, A., Cóstola, D., Gasparella, A. and Hensen, J.L.M. (2014). Multi-year and reference year weather data for building energy labelling in north Italy climates, Energy and Buildings, vol. 72,. http://dx.doi.org/10.1016/j.enbuild.2013.12.012 2 building envelope energy ratings according to a proposed classification. Also, those configurations more influenced by the annual weather changes are identified by means of statistical indexes. The analyses demonstrate that the representativeness of the reference year results can vary significantly in the considered locations -and, consequently, the accuracy in building energy assessment and classification can be reduced, especially for some building envelope configurations.
Introduction
In many building design applications, the use of simplified calculation methods for the evaluation of the energy consumption cannot provide results detailed enough for advanced investigations. For instance, these approaches are not suitable to achieve both high energy efficiency and adequate visual and thermal comfort for the occupants.
Consequently, the recourse to the detailed building energy simulation (BES) tools by professionals is becoming more and more frequent. The higher capability in calculating detailed outputs requires more complex and detailed inputs [1] . As regards the weather data, the datasets of monthly mean values used in simplified methods, such as those of dry bulb temperature, solar radiation and relative humidity in the Italian standard UNI 10349:1994 [2] , are not sufficient for detailed simulation tools, which generally require at least an hourly discretization of the weather data inputs. The problem of the development of weather data for BES has been widely investigated in the literature and Barnaby and Crawley discussed and presented the main aspects, contexts and issues related to their definition [3] .
We can distinguish three kinds of data for dynamic simulation [4] :
• multi-year weather data;
• typical or reference years;
• representative days.
The multi-year weather data are the best solution in trend and sensitivity analyses of building performance to the variability of the weather conditions, especially if aimed at a design robust to climatic changes [5] . Typical weather data years are simply a single year of hourly data representative of the profiles recorded in a multi-year dataset. The representative days are hourly data for some average days descriptive of the typical climatic conditions (e.g., summer conditions). Simulations with typical years (or representative days) instead of multi-year weather data lead to less information but they are less time-consuming and results are easier to manage [6, 7] . They are also preferred to mitigate the effects of missing or wrong data in the collected series. Eventually, typical years are also necessary for assessing the building energy performance under standard weather reference conditions, which are expected to be representative of the multi-year series in a given location. Some previous studies observed that the variability of buildings annual energy uses are less than 10 % in the multi-year period -between 4 % and 6 % for U.S. climates [8, 9] or 4.6 % for Hong-Kong [10] . Although the previous studies are valid only for the climatic context and buildings analysed, they indicate that a single reference year can generally be used to express the typical energy performance.
The reference years have been defined in different ways in the last decades. One of the first definitions was given for 60 American localities [11] : the test reference year TRY was an actual year selected using a process where years in the period 1948-1975 with extremely high or low mean dry bulb temperatures were progressively eliminated until only one year remained. Crawley [12] recommends using the typical meteorological years (TMY), the European test reference years [3] or other typical years built according to similar procedures instead of the original TRY of 1976. In these cases the reference year is an artificial year composed of 12 months selected as the most representative in the multi-year series. One of the first definitions of the typical year was given by Hall et al. [13] . According to Lund [14] [15] [16] and Lund and Eidorff [17] , they have to be characterized by:
• true frequencies (i.e., the reference year should be a good approximation of the mean values derived from a long period of measurements);
• true sequences (i.e., the weather situations must follow each other in a similar manner to the recorded data);
• true correlations (i.e., the weather data are cross-correlated variables).
The last feature is probably one of the most important [18] .
In the literature many approaches are available and there is not a single procedure accepted for the construction of a reference year [19] . Each method starts from the calculation of some statistics of the weather variables (e.g., mean dry bulb temperature, daily solar radiation) for the selection of the representative month from the collected data [13] . The relative importance of the different variables is given by weighting factors, whose selection should be made considering the final use of the reference year, for instance distinguishing sizing from energy assessment [20] . Most of the approaches are based on the Finkelstein-Schafer statistic [21] , with the exception of the method by Festa and Ratto [22] , which implements the Kolmogorov-Smirnov statistic. Among the methods there is no agreement on the number of weather parameters to use. For instance, as observed by Argiriou et al. [23] , 9 weather parameters were considered in the SANDIA method [13] , while 7 were considered in the "Danish method" [17, 24] and 5 were considered in the method by Festa and Ratto [22] . Moreover, there is no general agreement on the weighting factors for the weather variables and some authors remarked that they should be based also on the type of building analysed [25] .
Different methods and groups of weighting factors for the determination of the reference year were compared by many authors, considering the average results of the multi-year series as benchmark. Weather statistics, solar fraction of thermal solar systems, electrical power output of PV systems, heating and cooling degree-days, energy needs or final uses were considered as indexes for the assessment of the reference years [26] [27] [28] . Analysing different climates and applications, some authors drew different conclusions. Implementing different approaches for the development of a reference year for Damascus, Syria, Skeiker and Ghani observed that the selected typical month can vary significantly [29] . Comparing the SANDIA, the "Danish" and the Festa-Ratto methods for the evaluation of the reference years for 4 localities in Thailand, Janjai and Deeyai concluded that there is no significant difference in solar fractions and outputs of both thermal and PV solar systems [30] . In their study for the location of Subang, Malaysia, Rahman and Dewsbury recommended to weight equally the weather parameters in the calculation [31] . Studying the sensitivity of the energy production of a PV module and building energy needs in Palermo, Sicily, to the chosen method, Sorrentino et al. underlined that the best solution can be found using different weights for the selection of the TRY months, in particular for the building energy need evaluation [32] . Argiriou et al. assessed 17 different methodologies for the generation of a reference year in the climate of Athens, Greece, and stated that the optimum choice depends on the considered energy system (e.g., building or thermal solar system) and on the focus of the analysis (e.g., heating or cooling demand, solar system output) [23] .
In Italy, for the revision (currently in progress) of the technical standard UNI 10349:1994 reporting the weather data to use for energy calculations, the procedure described in the European technical standard EN ISO 15927-4:2005 [33] was selected.
The dataset previously used in Italy was developed from weather data collected in Italian airports from 1951 till 1970 and so it is far from being representative of the current urban conditions. In order to improve the representativeness, instead of modifying previous reference years, for instance to include the urban heat island effect as done by Chan for Hong Kong [34] , new data series have been collected in the urban sites by the regional environmental protection agencies (ARPAs). This choice is also coherent with the need to periodically update the weather dataset to account medium and long term climate change trends [19, 35] . Although there are some cases for which the new data collection started 20 years ago, for many Italian localities only a limited number of years is generally available [36] . [38] .
In spite of the large literature on reference years, the impact of the EN ISO 15927- 
Methods
The analysis requires 4 main steps: 
Selection and analysis of the weather data of the multi-year series
where K(i) is the rank order of the i th day and N is the total number of days for a month over all the available years;
3. sorting of all the p for a specific month m and year y in increasing order and calculating the cumulative distribution function F(p, y, m, i) for each parameter and i th day, as:
where J(i) is the rank order of the i th day and n is the number of days for a specific month;
4. calculation of the statistics by Finkelstein-Schafer for each month m and year y as
5. sorting of the months for increasing values of F S for each parameter, calculating the ranks for each month and parameter and summing them in order to calculate the total ranking; 6. for each month among the first 3 months with the lowest ranking sum, calculate the absolute deviation between the mean wind speed of the month m of the year y and the multi-year mean wind speed: the month with the lowest deviation can be chosen for a TRY EN .
The final 8 hours of a month and the first 8 hours of the next month have to be smoothed by means of a cubic spline interpolation in order to avoid discontinuities.
Since the adjustment involves night-time hours and wind speed is generally not involved in the correction, it applies only to the dry bulb temperature and the relative humidity.
In accordance with the EN ISO 15927-4:2005, at least 10 years (not necessarily consecutive) should be used but the longer the period, the better. For those locations without this minimum requirement, a slightly less restrictive criterion is followed: only locations with at least 8 years in the data series, as in the chapter 14 of the ASHRAE Handbook of Fundamentals [42] and with less than 10 % of wrong/missing data for each variable and each year are considered to develop a TRY EN .
Analysis of the representativeness of the reference year
The analysis is carried out following the steps outlined below which are aimed at studying the weather parameters, the energy results and the effects on the energy ratings for the buildings in the sample.
a Weather variables
The ability of the TRY EN to represent the whole dataset is analysed comparing monthly average values of dry bulb temperature, daily horizontal solar radiation and relative Table 2 .
The windows, positioned all on the same façade, consist of a double-pane glazing (U gl =  orientation of the windows (East, South or West).
The different configurations are simulated with TRNSYS, considering the following assumptions:
 the time-step is coherent with the hourly discretization of the weather data, in order to avoid the interpolations influencing the results; the R r values. According to the Annex B of the technical standard, 7 classes are defined, as in Table 3 .
As it can be seen, by associating the first quartile Q 1 to the R r value 25 % of the building configurations belong to classes A and B which have the best energy performance. The median distinguishes the classes D and E and so half of the sample belongs to the classes E, F and G which have the worst energy performance.
Considering each of the years in the original weather data series, the energy performance of a building configuration can be either better or worse than the rating according to the TRY EN . A trend of higher or lower ratings in the multi-year series with respect to the reference year can be identified if the TRY EN is not representative of the original multi-year series. Moreover, the energy performances of some configurations can be more sensitive to the weather variability and both years with higher and years with lower ratings can be present. In this case the TRY EN ratings can be considered representative if the number of upgrades and that of downgrades are close. In order to take into account both issues, two criteria of analysis are considered:
 Criterion A: in order to detect the trends, if the number of downgrades/upgrades is larger than or equal to half of the years in the data series for a given building configuration (e.g., 4 or 5 years), this building is accounted among those with a representativeness problem;
 Criterion B: in order to detect unbalanced behaviour for those configurations more sensitive to weather variability, if the difference between the number of downgrades and the one of upgrades is larger than or equal to 33 % of the years in the data series (e.g., around 3 years), it is accounted among those with a representativeness problem.
Sensitivity analysis of multi-year energy performances
The variability of the energy results is analysed in order to find correlations between building envelope parameters and dispersion of the results. 
Results
The selection procedure and the chosen criteria led to the identification of 5 cities:
Aosta (with 8 available years), Bergamo (10 years), Monza (9 years), Trento (10 years) and Varese (9 years). The details of the considered years in the multi-year series and the chosen months for the test reference years are reported in Table 4 .
Representativeness of the reference year a Weather variables
The monthly values of average dry bulb temperature, daily horizontal solar radiation and relative humidity of the different years and TRY EN were calculated and compared.
In Figure 1 the monthly average weather variables are showed for the location of Trento.
The red dots represent the TRY EN monthly averages while the distributions of the monthly averages of the multi-year series are described by lines: the external dotted lines are the maximum and the minimum, the internal dotted lines the first and the third quartiles (Q 1 and Q 3 ) and the continuous line the medians. 
c Energy performance rating
The horizontal lines in Figure 2 divide the different rating classes for each locality and kind of energy need: the dark green line distinguishes classes A and B, the light green B and C, the yellow line separates C and D, the orange D and E, the light red E and F and, finally, the dark red distinguishes class F from class G.
In Tables 6, 7 and 8 both heating and cooling energy ratings are analysed for the sample of buildings. In Table 6 In Table 7 and Table 8 
Sensitivity analysis of multi-year energy performances
The Spearman's indexes were calculated in order to correlate the variability of the energy results in the multi-year period to the characteristics of the building envelopes.
The indexes are reported in Figure 3 .
Discussion

Representativeness of the reference year a Weather variables
Analysing the weather variables in Figure 1 and in Table 5 , it can be seen that the According to the central limit theorem, the effects of outliers can be mitigated by increasing the number of entities in the analysed sample but, until the number of collected years will not be high enough, the development of the reference year has to be optimized considering its final use. In this work we focused on the building envelope energy performance, so attention has to be paid, in particular, to the effects of temperature and solar radiation. On this respect, the relative humidity has a marginal role in the evaluation of the fictitious sky temperature in order to simulate the infrared heat flow towards the sky-dome according to the model implemented in TRNSYS [50] .
Since constant ventilation rates and convective coefficients were used, the effect of the wind speed was completely neglected.
b Building energy performances
Both for heating and cooling annual energy needs, the error provided by the TRY EN weather data is in average under 10 % (Figure 2 ), as observed for Chinese climates by
Yang et al. [7] . This does not represent the global error but just the effect of the inaccuracy in the modelling of the weather data and it has to be summed to the uncertainties of all other inputs and to the effects of the modelling assumptions. The general trend of the heating deviation is not the same in all locations: in Bergamo and in
Trento there are overestimations of the heating energy needs while in Monza the TRY EN leads to an underestimation. This is consistent with the dry bulb temperatures in Table   5 : in Bergamo the monthly averages of January, March, October and December, as well as February, March, November and December in Trento, are significantly lower than the medians while in Monza the monthly averages of February and October are higher.
As concerns the annual cooling energy needs, there are underestimations in Aosta,
Bergamo, Monza and, in particular, Trento. As it can be noticed in Table 5 , for these localities the summer months of the reference year are generally colder than the medians and in some cases with less daily solar radiation (e.g., May and August for Trento, July and August for Monza, June and July for Bergamo and June for Aosta).
While for the heating needs the discrepancies are ascribable to dry bulb temperature differences, for the cooling needs they depend on the combined effects of temperature and solar radiation.
c Energy performance ratings
For many configurations the performances are not in the same rating class (e.g., for a colder year we can see a downgrade in the annual heating needs while for a warmer year an upgrade). Looking at the variability of the ratings in Table 7 and Table 8 , some considerations about the effects of some representativeness issues can be drawn. 
Sensitivity analysis of multi-year energy performances
The standard deviation of the energy needs simulated by using the different years in each historic series is between 7 % and 8 % for the heating needs and around 20 % for the cooling. From these indexes we can conclude that buildings with more efficient opaque envelopes (i.e., insulated walls, with a low periodic thermal transmittance and high time shift) and with a low SHGC of the glazing (or, generally speaking, of a control of the entering solar radiation) are more robust to the changes of the weather conditions. These results can be useful to:
 identify configurations of the existing building stock more sensitive to the weather variability and the interventions to choose not only for the reduction of the energy consumption but also to make building envelopes less sensitive to the external variability;
 give some indications about the strategies to follow in the design of new buildings robust to climate changes.
Conclusions
In We observed that:
1.
With a low number of years in the dataset for the development of the TRY EN, the representativeness -both of weather variables and energy needs, can vary significantly in the different locations.
2.
The variability of the heating needs is in agreement with the results in the literature. For the cooling needs, instead, the variability is larger but it should be considered that little variations in the weather conditions can lead to large percentage differences in the analysed climates due to the low cooling energy needs.
3.
If the TRY EN is not very representative of the historic weather conditions, misleading information can be provided in the building energy labelling, especially for cases that are more sensitive to the weather variability.
4.
The characteristics of these less robust configurations were identified: building envelopes with low insulation level and poor dynamic performances (e.g., high periodic thermal transmittance, low time shift) are more susceptible to heating needs variability and those with high SHGC and large glazing are more susceptible to cooling needs variability.
We can conclude that, in case of low number of recorded years in the historic weather data series and climates with large variability -such as the Italian ones, specific reference years should preferably be developed, depending on the analysis purposes:
 for the evaluation of the annual heating needs, the representativeness of the external temperature should be optimized;
 for the assessment of the cooling needs, instead, the solar radiation should be well represented.
The use of representative weather inputs will improve the accuracy of energy need evaluation and rating, especially for those configurations more sensitive to the climate variability and so more affected by errors in the reference year characterization. Table 3 : Criteria for the classification of heating and cooling energy needs (EP). Grap phical abstra act
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